ABSTRACT Bracon hebetor Say (Hymenoptera: Braconidae) is a gregarious larval ectoparasitoid of several species of Lepidoptera that are associated with stored products. The suitability of 12 potential lepidopteran host species representing four families was studied in this study for the development and reproduction of B. hebetor. The Lepidoptera species used were the Indianmeal moth, Plodia interpunctella (Hü bner), Mediterranean ßour moth, Ephestia kuehniella (Zeller), almond moth, E. cautella (Walker), rice moth, Corcyra cephalonica (Walker), navel orangeworm, Amyelois transitella (Stainton), greater wax moth (laboratory reared and commercial), Galleria mellonella (Linnaeus) (all Pyralidae); tobacco budworm, Heliothis virescens (Fabricus), corn earworm, Helicoverpa zea (Boddie), beet armyworm, Spodoptera exigua (Hü bner) (all Noctuidae); webbing clothes moth, Tineola bisselliella (Hummel) (Tineidae); and Angoumois grain moth, Sitotroga cerealella (Olivier) (Gelichiidae). Experiments were conducted using petri dishes (100 by 15 mm) as experimental arenas at 29 Ϯ 1ЊC, 65 Ϯ 5% RH, and a photoperiod of 14:10 (L: D) h. B. hebetor females were introduced singly into arenas and given a full-grown host larva every day for 5 consecutive d. Paralysis of the host larvae and oviposition by B. hebetor females were signiÞcantly affected by host species. The cumulative fecundity in the 5-d period was highest on A. transitella (106.42 Ϯ 5.19) and lowest on T. bisselliella (9.64 Ϯ 1.28). The egg-to-adult survivorship and progeny sex ratio were also signiÞcantly affected by the host species. The highest percentage of parasitoid survival to the adult stage was on A. transitella (84.07 Ϯ 2.26) and zero on T. bisselliella. Egg to adult development time was shortest on E. cautella (9.75 Ϯ 0.25 d) and longest on G. mellonella (12.63 Ϯ 0.28 d). Results from these studies suggest that B. hebetor females can use a wide range of lepidopteran hosts for paralysis and oviposition. However, B. hebetor cannot necessarily develop and reproduce on all host species that it can paralyze and oviposit on, and optimum reproduction is with the stored-product pyralid hosts.
Bracon hebetor Say (Hymenoptera: Braconidae) is a cosmopolitan, gregarious, ectoparasitoid that attacks the larval stage of several species of Lepidoptera. B. hebetor is considered one of the best potential biological control agents for stored-product insects in the family Pyralidae (Brower et al. 1996) . B. hebetor females Þrst paralyze their host, which are typically last-stage larvae in a "wandering" phase, by stinging them, injecting a paralytic venom, and ovipositing variable numbers of eggs on or near the surface of paralyzed host.
Bracon hebetor is primarily known as a parasitoid of pyralid moths in the subfamily Phycitinae that are associated with durable stored food products include the Indianmeal moth, Plodia interpunctella (Hü bner), Mediterranean ßour moth, Ephestia kuehniella (Zeller), tobacco moth, E. elutella (Hü bner), driedfruit moth, Vitula edmansae (Packard), Moodna sp., and almond moth, E. cautella (Walker) (Richards and Thomson 1932; Reinert and King 1971; Smittle 1977, 1978; Brower et al. 1996) . According to Krombein et al. (1979) , B. hebetor also attacks several other nonphycitine pyralid moths, such as the rice moth, Corcyra cephalonica (Stainton) (subfamily: Galleriinae), the greater wax moth, Galleria mellonella L. (subfamily: Galleriinae), grass moth Laetilia coccidivora (Comstock) (subfamily: Crambidae), and some species outside Pyralidae such as potato tuberworm, Phthorimaea operculella (Zeller) (family: Gelechiidae), and Angoumois grain moth, Sitotroga cerealella (Olivier) (Gelechiidae). These moth species are among the most destructive insects of stored grain and processed food throughout the world (Cox and Bell 1991) . Larvae of these moth species do their damage by directly consuming various stored products and also by subsequent silken webbing of their food into contaminated masses. Larval feeding may also cause mold development because of an increase in moisture that not only deteriorates food or grain quality but also produces a favorable environment for other related pests.
Host records from Asian countries indicate that B. hebetor also attacks a number of nonpyralid Lepidoptera species that occur in both grain storage and Þeld habitats (Harakly 1968 , Gerling 1971 , Cock 1985 , Nikam and Pawar 1993 , Amir-MaaÞ and Chi 2006 . However, according to Heimpel et al. (1997) , the wasp species described in these earlier works could be a distinct biological species from B. hebetor that can successfully attack larvae in the family Noctuidae in the Þeld. Their laboratory studies showed that two geographically separate populations of B. hebetor, one population from a storage habitat collected in the United States and another population from a Þeld habitat collected from the island of Barbados, were reproductively isolated and genetically distinct. Despite studies such as that by Heimpel et al. (1997) , it is not known whether host utilization patterns of B. hebetor associated with storage habitats varies over its reportedly wide lepidopteran host range.
A good understanding of hostÐparasitoid association is crucial to the success of biological control programs. A hostÕs value to the reproductive Þtness of a parasitoid mainly depends on the number and quality of her progeny from that host. Thus, physiological suitability of the host is absolutely necessary for the successful development of parasitoid progeny (Wiedenmann and Smith 1997) . Similarly, a parasitoidÕs Þtness also depends on her ability to locate and recognize its host in a complex environment and to produce a high or optimum number of viable and high-quality progeny from that host. The objective of this study was to determine the ability of B. hebetor from a storedproduct habitat to successfully parasitize and reproduce on a range of lepidopteran host species from four different families under laboratory conditions.
Materials and Methods
Parasitoid Origin and Rearing. Bracon hebetor adults were collected from grain bins at the Stored Products Research and Education Center (SPREC) at Oklahoma State University in Stillwater, OK, in November 2003 and were associated with an infestation of the Indianmeal moth, P. interpunctella. The parasitoids were cultured and mass-reared on full-grown larvae of P. interpunctella in the laboratory at a temperature of 29 Ϯ 1ЊC, a relative humidity of 65 Ϯ 5%, and a photoperiod of 14:10 (L: D) h. Full-grown larvae of P. interpunctella were obtained from a laboratory culture that was reared on a standardize diet of corn meal, chick laying mash, chick starter mash, and glycerol (Phillips and Strand 1994) at a volumetric ratio of 4:2:2:1, respectively, at a temperature of 28 Ϯ 1ЊC, a relative humidity of 65 Ϯ 5%, and a photoperiod of 16:8 (L: D) h.
Host Species. The host species studied in these experiments were four species of phycitine Pyralidae, three species of nonphycitine pyralids, and Þve species of Lepidoptera from other families ( Table 1 ). The larvae of phycitine pyralids, Gelechiidae, and Teneidae were obtained from laboratory colonies at Oklahoma State University. Larvae of Noctuidae species were obtained from the Jamie Whitten Delta State Research Center (JWDSRC), USDAÐARS at Stoneville, MS, and from Dow AgroSciences at Indianapolis, IN. Larvae of these species were reared on artiÞcial diets at those facilities. The greater wax moth larvae were obtained from a local pet store that was supplied through Timberline Live Pet Foods, Marion, IL, and we also maintained a culture of greater wax moths in the laboratory that originated from the Timberline Co. source. The initial culture of A. transitella was obtained from the USDAÐARS Commodity Protection and Quality Laboratory, USDA, Parlier, CA. The culture of C. cephalonica was obtained from Insects Limited, WestÞeld, IN.
The larvae of phycitine species except those of A. transitella were reared on the same diet as used for rearing P. interpunctella, and these were all maintained at the same environmental conditions (see above). A. transitella was reared on a mixture of 11.355 liters of ßakey red food bran, 900 ml honey, 800 ml deionized water, 100 g brewerÕs yeast, and 10 ml Vanderzants vitamins solution (1%). The S. cerealella moths were reared on whole wheat kernels, whereas T. bisselliella moths were reared on a mixture of feather-meal and (Mohaghegh and AmirMaaÞ 2001) . C. cephalonica was reared on a mixture of wheat bran, wheat germ, rolled oats, glycerin, and brewerÕs yeast at a ratio of 1:1:1:1:0.5, respectively. All the cultures were maintained at the similar growth chamber environment as used for rearing of P. interpunctella. Host Suitability Experiments. Experiments were conducted in the laboratory in a no-choice design using petri dishes (100 by 15 mm) as experimental arenas with a single wandering stage larva of each host species. According to Hagstrum and Smittle (1977) , B. hebetor females attack wandering larvae 10-fold more than they attack concealed young larvae, indicating that they rarely preferred to attack younger larvae that are usually concealed within the infested commodity. Before the experiment, a relative sample of full-grown larvae of each host species were randomly taken from the rearing jars, and larval fresh weights were measured (n ϭ 12) by placing an individual larva on an M-220 electronic balance (Ϯ0.01 mg; Denver Instruments, Denver, CO) ( Table 1) . Two-day-old mated B. hebetor females were introduced singly into experimental arenas and allowed to sting and oviposit for the next 5 d with a fresh host given daily. After emergence of a parasitoidÕs adult progeny was completed (ϳ2 wk), all the experimental arenas were frozen at Ϫ15ЊC for 3 d. Observations were recorded on the numbers of hosts paralyzed and parasitized (the presence or absence of wasp eggs), numbers of eggs laid each day on each host, the cumulative number of eggs laid and adults produced after 5 d of oviposition, egg-to-adult development time, egg-to-adult survivorship, and parasitoidÕs progeny sex ratio. Each experimental unit was replicated 10 Ð12 times for each host species.
Data Analysis. The numbers of hosts paralyzed and parasitized (oviposited-on) each day, the cumulative number of eggs laid and adults produced after 5 d of oviposition, the egg-to-adult development times, eggto-adult survivorship, and progeny sex ratio (% female of the total emerged adult progeny) were used as response variables to assess the quality and suitability of host species on the development and reproduction of B. hebetor. Host species was considered an independent variable for the analysis of response variables. Data for numbers of host paralyzed and parasitized, egg-to-adult survivorship, and progeny sex ratio were analyzed by one-way analysis of variance (ANOVA; PROC GLM, SAS Institute 2005). The differences in age-speciÞc daily oviposition was determined by twoway repeated-measures ANOVA (Proc Mixed) assuming an autoregressive covariance structure (Littell et al. 1996) . Data from the egg-adult developmental period of both sexes were pooled together because no statistically signiÞcant sex difference was observed, and these data were subjected to one-way ANOVA (PROC GLM, SAS Institute 2005). Because B. hebetor failed to produce any adult progeny on T. biselliella and very few adult progeny were produced on Heliothine species (H. virescens and H. zea), these species were excluded in the statistical analysis for calculating development times. Count data for the cumulative value of eggs and adults were log(x ϩ 0.5) and log(x ϩ 1) transformed, respectively, and progeny sex ratio and egg-to-adult survivorship data were arcsine transformed to meet assumptions of normality and heterogeneity of variance. Means were separated using Student-Newman-Keuls range tests (␣ ϭ 0.05), and original mean values are presented in the Þgures.
Results
An acceptable host was deÞned as one that was paralyzed and received at least one or more parasitoid eggs. B. hebetor females used or accepted all 12 host species for paralysis and oviposition that were offered in these experiments (Fig. 1) . However, the level of paralysis and oviposition varied signiÞcantly with the host species (F ϭ 23.96; df ϭ 11,623; P Ͻ 0.0001 and F ϭ 32.52; df ϭ 11,623; P Ͻ 0.0001 for paralysis and oviposition, respectively). B. hebetor females paralyzed only 42% of H. zea larvae that were offered and oviposited on Ϸ50% of those hosts, whereas they paralyzed almost 100% of pyralid host larvae that were offered and used 100% of these for oviposition (Fig. 1 ). There were signiÞcant differences observed in proportion of larvae that were paralyzed by B. hebetor females among the nonpyralid host species (Fig. 1) . A similar trend was observed in proportion of hosts that were parasitized.
The daily rates of oviposition varied signiÞcantly with host species (F ϭ 32.32; df ϭ 11,94.1; P Ͻ 0.0001), age of female wasp (F ϭ 8.52; df ϭ 4,315; P Ͻ 0.0001), and the interaction between host species and age of female wasps over the 5-d period (F ϭ 1.81; df ϭ 42,271; P ϭ 0.0029). Mean daily oviposition was higher on A. transitella (22.4 Ϯ 0.96 eggs/Ǩ/d) and laboratory-reared G. mellonella (21.9 Ϯ 1.09 eggs/Ǩ/d), with these hosts having the highest recorded oviposition on a single day (44 and 42 eggs/Ǩ/host, respectively) compared with T. bisselliella (3.12 Ϯ 0.23 eggs/ Ǩ/host) and S. cerealella (4.93 Ϯ 0.39 eggs/Ǩ/host) in this study (Figs. 2 and 3) .
The mean total numbers of eggs laid by B. hebetor females over the 5-d periods on 12 different hosts varied signiÞcantly (F ϭ 26.67; df ϭ 11,108; P Ͻ 0.0001). The greatest mean number of eggs, in decreasing numerical order, were laid on A. transitella (106.42 Ϯ 5.19 eggs/Ǩ/5 d), G. mellonella from laboratory-reared larva (105.10 Ϯ 7.2 eggs/Ǩ/5 d), and C. cephalonica (93.00 Ϯ 6.94 eggs/Ǩ/5 d) (Fig. 4) . Oviposition on C. cephalonica was statistically similar to that on E. kuehniella and the commercially reared G. mellonella, and oviposition on these last two hosts was similar to that on P. interpunctella. Oviposition on these three leading hosts was signiÞcantly greater than that on E. cautella, and oviposition on all seven pyralid hosts, except E. cautella, was signiÞcantly greater than that on the nonpyralid host species. For example, B. hebetor females laid on average Ͻ10 eggs on T. bisselliella, Ϸ20 eggs on S. cerealella, and Ϸ16 Ð36 eggs on noctuid species during the 5 d of oviposition (Fig. 4) .
April 2010 GHIMIRE AND PHILLIPS: HOST SUITABILITY FOR B. hebetor
The numbers of B. hebetor adult progeny produced on different host species were signiÞcantly different (F ϭ 67.50; df ϭ 11,108; P Ͻ 0.0001). The greatest number of adult progeny was produced on A. transitella (87.17 Ϯ 5.03 adults/Ǩ/5 d), followed by C. cephalonica (70.30 Ϯ 6.88) and E. kuehniella (61.51 Ϯ (Fig. 5) . However, there were no signiÞcant differences in the average numbers adult progeny produced on C. cephalonica, E. kuehniella, and P. interpunctella. The lowest numbers of adult progeny (Ͻ2 adults/female]/5 d) was produced on heliothine species, whereas B. hebetor failed to produce any adult progeny on T. bisselliella. Among the noctuid species, S. exigua produced the greatest number of parasitoid progeny (12.56 Ϯ 4.89 adults/Ǩ/5 d).
Egg-to-adult survivorship was signiÞcantly affected by host species (F ϭ 69.66; df ϭ 11,480; P Ͻ 0.0001). The highest percentage of parasitoid survival was found on A. transitella (84.07 Ϯ 2.26), followed by P. interpunctella (77.75 Ϯ 2.75) and C. cephalonica (75.78 Ϯ 3.03) (Fig. 6) . Although G. mellonella elicited a high level of oviposition by B. hebetor, parasitoid survival was signiÞcantly lower on both populations of this host compared with other pyralid species (Fig. 6 ). Although few eggs were laid on S. cerealella larvae, this . Egg-to-adult survivorship of B. hebetor that developed on 12 different lepidopteran host species. Acronyms for common names of host species names are the same as those described for Fig. 1 . Bars followed by the same letters are not signiÞcantly different at ␣ Ն 0.05 using Student-Newman-Keuls range tests. host had a signiÞcantly higher percentage of parasitoid survival (67.10 Ϯ 5.05) compared with other nonpyralid host species (Fig. 6) . Similarly, S. exigua supported a signiÞcantly higher percentage of parasitoid survival (26.98 Ϯ 5.97) compared with other noctuid species (Fig. 6) .
The egg-to-adult development times for B. hebetor varied signiÞcantly with host species (F ϭ 16.28; df ϭ 7,65; P Ͻ 0.0001). Development times were shortest on all pyralid host species (Ϸ10 d) except for G. mellonella (Fig. 7) . Parasitoids larvae developed slowest on G. mellonella (12.6 d) host larvae compared with all other host species. There were no signiÞcant differences observed in developmental times among E. kuehniella, S. cerealella, S. exigua, and A. transitella (Fig. 7) .
The percentage of females for the total adult progeny was signiÞcantly affected by host species (F ϭ 3.95; df ϭ 10,380; P Ͻ 0.0001). A highly female-biased sex ratio was observed on most of the larger hosts, G. mellonella, S. exigua, H. virescens, C. cephalonica, and E. kuehniella, although not with the relatively large host H. zea (Fig. 8) .
Discussion
This study showed a higher percentage of pyralid host larvae were paralyzed and subsequently parasitized compared with T. bisselliella and noctuid host species. Nevertheless, no signiÞcant differences among the pyralid host species were observed for these parameters. These results are in agreement with the earlier work by Heimpel et al. (1997) , in which B. hebtor females performed similarly on a pyralid host, P. interpunctella, and not on the noctuid host, H. virescens. There are several factors that might have inßuenced the low level of parasitoid performance in noctuid hosts. First, noctuid larvae moved vigorously in the petri dish arenas in response to host-seeking actions of B. hebetor females compared with other host species, and the noctuids may have depleted the energy necessary for pursuit by the wasps. Second, noctuid larvae were much larger and heavier than other hosts except G. mellonella, and B. hebetor venom may have been depleted more quickly when they attempted to subdue the larger prey. Third, the sensitivity to B. hebetor venom and potential mechanisms of venom detoxiÞcation may vary with the host species and size. Although hosts tested here are taxonomically closely related and may possibly respond similarly to venom, Beard (1952) showed that higher levels of venom were needed to paralyze Anagasta (ϭEphes-tia) compared with two other moths, Plodia and Galleria, although Galleria is much larger than Ephestia.
Bracon hebetor females in this study were capable of paralyzing and subsequently parasitizing at least some of each host species that were offered. Although Ϸ50% of the paralyzed T. bisselliella and noctuid host larvae were parasitized, B. hebetor failed to develop any adult progeny on T. bisselliella, and few adult progeny were produced from the Heliothine species. However, B. hebetor was able to develop and produce a signiÞcantly higher number of adult progeny from the S. exigua compared with these host species. This variation in progeny production could be caused by venom selectivity that may require higher levels of venom to effectively paralyze the host or that may induce another physiological response, so that parasitoid larvae could successfully complete development. A more active form of host defense against feeding parasitoid larvae, such as that implied by development of a melanized ring at the site of feeding as reported by Fabrick (2000, 2002) , could have occurred in our experiments.
Host size can affect levels of parasitism by B. hebetor. A full-grown larva of S. cerealella weighs Ϸ4 mg, by far the smallest host tested, whereas a G. mellonella larva weighs Ϸ265 mg, by far the largest host that was used in these experiments. The large G. mellonella elicited a signiÞcantly higher level of oviposition, at Ϸ20 eggs/host/d, compared with the smallest host, S. cerealella, at Ϸ5 eggs/host/d. However, parasitoid survival to adulthood was signiÞcantly greater on S. cerealella (67%), compared with G. mellonella, which averaged 30%. The result indicates that B. hebetor females may alter their clutch size in response to host size during oviposition to avoid laying more eggs than the host can support. These Þndings are in agreement with the earlier works by Yu et al. (2003) , in which B. hebetor females never laid Ͼ7 or 12 eggs/d when they encountered only one host larva of the tortricid, Adoxophyes orana, or the pyralid, P. interpunctella, respectively. Despite high oviposition in response to large host larvae, we observed low parasitoid survival rates in the larger hosts like G. mellonella and the Noctuidae species. The results suggest that parasitoid Þtness may be inßuenced not only by the host size at oviposition but also by its nutritional adequacy or other host quality factors for parasitoid growth and development after oviposition as purposed by Mackauer (1986) . In this study, highest parasitoid survival with higher number of adult progeny was obtained on A. transitella, followed by all pyralid host species, except for G. mellonella (Figs. 5 and 6 ), which was a much larger host compared with other pyralid species (Table 1) .
Our Þndings that parasitoid development time increased with host size agree with a hypothesis proposed by Godfray (1994) that parasitoid development time is a compensation response to limited host resources, both qualitatively and quantitatively, such that wasps either develop slowly and use host resources with maximum efÞciency, or they develop quickly and use host resources with reduced efÞ-ciency. Fast development may carry the Þtness advantage of avoiding predation and disease through reduced exposure, but it also may result in a loss of Þtness from ultimately smaller adult size and the concurrent lower reproductive ability compared with larger adults.
Laboratory-reared G. mellonella seemed to be relatively higher-quality hosts for B. hebetor than were directly purchased commercial G. mellonella based on responses such as total eggs laid (Fig. 4) and total adult progeny produced (Fig. 5) . It is possible that the increased reproduction of B. hebetor on laboratory G. mellonella compared with commercial G. mellonella was caused by a possible nutritional improvement in the laboratory moths, perhaps from the laboratory diet and rearing conditions, compared with the nutritional value of commercial moths, for which details of diet and rearing were unknown and not under our control. hebetor adult progeny produced on 11 different lepidopteran host species. Acronyms for common names of host species names are the same as those described for Fig. 1 . Bars followed by the same letters are not signiÞcantly different at ␣ Ն 0.05 using Student-Newman-Keuls range tests.
